Combining techniques of cavity quantum electrodynamics, quantum measurement and quantum feedback, we have realized the heralded transfer of a polarization qubit from a photon onto a single atom with 39 % efficiency and 86 % fidelity. The reverse process, namely qubit transfer from the atom onto a given photon, is also demonstrated. In contrast to previous work based on twophoton interference, our scheme is robust against photon arrival-time jitter and achieves much higher efficiencies. Thus, it constitutes a key step toward the implementation of a long-distance quantum network.
Optical photons are ideal information carriers for quantum networks on a global scale [1] [2] [3] [4] [5] . In the envisioned quantum network, quantum information will be reversibly transferred between nodes via the controlled emission, propagation and absorption of an optical photon. Unfortunately, all three of these processes suffer from losses and inefficiencies, making the information transfer probabilistic and hindering the implementation of large quantum networks. The resulting randomness can be overcome with a herald which, by means of a suitable measurement, unambiguously signals the successful transfer of information between network nodes.
The first process mentioned above-generation of a photon-can be signalled by detecting one of the two photons emitted in a probabilistic two-photon process [3, 6] . The second step-the successful transmission of a photon, for example through a long optical fiber-can be heralded using a non-destructive photon detector [7] . However, and in spite of first experiments [8, 9] , efficient schemes for the most important final step-the heralded absorption of an incoming photon-are still missing. A way around [3] is to use the techniques of linear optical quantum computing [10] , especially the optical Bellstate measurement (BSM) with a locally produced ancillary photon. This measurement scheme has become a workhorse, for example to teleport photonic quantum states into a quantum memory [11] [12] [13] [14] [15] or to realize entanglement and quantum-state transfer between remote memories [12] [13] [14] [16] [17] [18] [19] , but still faces fundamental limitations regarding efficiency and robustness.
To understand this, note that an optical BSM for single-photon qubits using linear optics elements requires the generation of a photon followed by the interference and subsequent detection of two photons. Its success probability is therefore limited [20] to 1 2 η gen η 2 det , where η gen is the photon generation efficiency and η det is the quantum efficiency of the employed single-photon detectors. The product of three typically small numbers together with the impossibility to unambiguously identify all of the four Bell states keeps the BSM efficiency small. Another drawback is that an optical BSM requires photons which are indistinguishable in all degrees of freedom except those used for information encoding, e.g. the polarization. Thus, one needs perfect control over both the arrival time of the photons and their spectral properties, which is hard to achieve in many experiments and even harder outside the laboratory.
Here, we overcome all of these limitations and demonstrate the heralded, highly efficient transfer of a photonic polarization qubit onto a single rubidium atom trapped at the center of an optical cavity. Toward this end, we employ an atom-photon quantum gate [21] that is based on photon reflection from the cavity. The storage efficiency is given by Rη det , where R is the reflectivity of the atom-cavity system on resonance. Our experiment exhibits an average R = (69 ± 2) % and achieves an efficiency of (39 ± 4) %, which is a factor of 2R/(η gen η det ), i.e. more than four times, higher than what can be achieved using an optical BSM with state-of-the-art photon sources (η gen = 0.6) [22] and the best commercially available single-photon detectors (η det = 0.56(5) at 780 nm). Even with the unrealistic assumption of a perfect single-photon source (η gen = 1) and perfect singlephoton detectors (η det = 1), employed both in our realization and in the optical BSM, we improve by a factor of 1.4, thereby outperforming any optical BSM. In addition, our scheme is inherently more robust against variations in the properties of the transmitted photons, and therefore ideally suited for the implementation of longdistance protocols under realistic, real-world conditions.
To explain the working principle of our experiment, both the atomic and the photonic quantum state are described as an effective two-level system, with the basis states | ↑⟩ and | ↓⟩. The photonic qubit is encoded in the polarization of a weak coherent laser pulse, where left-(right-)circular polarization encodes the state p ⟩ is to be stored, is reflected from the atom-cavity setup 1 ○, thereby performing a controlled-phase quantum gate. The action of this gate (controlled-Z) is to introduce a phase shift of π to all atom-photon states but | ↑ a ⟩| ↑ p ⟩. The photon is subsequently detected in the x-basis 2 ○ using a polarizing beam splitter (gray cube) and two single-photon counters (gray). This photon detection heralds the state transfer. To complete it, quantum feedback in the form of a state rotation (blue arrow, 3
○) is applied to the atom, conditioned on the
notation, we define the following basis states:
The atom-photon interaction is based on reflecting the photon from the cavity, thereby performing a quantum gate between the two qubits [21] . When a right-circularly polarized photon | ↑ p ⟩ is reflected off the cavity and the atom is in the state | ↑ a ⟩, strong coupling leads to a normal-mode splitting such that the photon is directly reflected from the first mirror. For all other state combinations, the photon enters the cavity and the combined atom-photon state thereby acquires a phase shift of π [21, [23] [24] [25] . In the following, this quantum gate is used to experimentally implement a photon-to-atom state transfer as schematically depicted in Fig. 1 . Toward this end, the atom is initially prepared in | ↓ a x ⟩. The photonic state to be stored is |ϕ
Upon reflection of the photon, the gate performs the following transformation:
Here, R π x denotes a rotation by π around the x-axis. After the reflection process, the photonic polarization is detected in the x-basis, which unambiguously heralds successful photon-to-atom state transfer. However, compared to the input qubit, the resulting atomic state is rotated when the photon is detected in | ↑ p x ⟩. In this case, quantum feedback in form of a rotation R π x is applied to the atom to deterministically recover the input qubit.
The experimental protocol is repeated at a rate of 1 kHz. The atomic state is initialized via 140 µs of optical pumping into | ↑ a ⟩. Subsequently, the atom is rotated by π/2 into | ↓ a x ⟩ using a pair of Raman laser beams, red-detuned by -0.15 GHz from the D 1 line of 87 Rb and applied for 1.7 µs. Then, a weak laser pulse with average photon numbern = 0.09 and a Gaussian wavepacket envelope with a full-width at half-maximum of 0.6 µs is reflected from the cavity. The cavity is singlesided (95 ppm transmission of the coupling mirror; 8 ppm combined scattering and absorption losses and transmission of the second mirror), such that (70 ± 2) % of an incoming pulse resonant with the empty cavity are back reflected. On the relevant |2, 2⟩ ↔ |3, 3⟩ transition of the D 2 line strong coupling is achieved (measured atomcavity coupling constant g = 2π ×6.7 MHz, atomic dipole decay rate γ = 2π × 3.0 MHz, cavity field decay rate κ = 2π × 2.5 MHz), with a reflectivity of (66 ± 2) % on resonance. With the atom in | ↓ a x ⟩ and the impinging photon in | ↓ p x ⟩, this results in an average reflectivity of (69 ± 2) %. The conditional rotation of the atomic state by π takes 3.4 µs. For analysis, the atomic state is rotated into one of three mutually unbiased bases and subsequently read out within 3 µs via cavity-enhanced fluorescence hyperfine state detection [26] .
To characterize the heralded storage, we perform quantum process tomography. To this end, we analyze the state transfer for six different input polarizations, forming three mutually unbiased bases. For each input polarization, we perform quantum state tomography on the atom. The result is depicted in Fig. 2 . The average state fidelity is F = (86 ± 1) %, with the individual fidelities F = ⟨ϕ p |ρ a |ϕ p ⟩ defined as the overlap between the density matrix of the measured atomic state ρ a and the ideal input qubit |ϕ p ⟩. For heralding events where the photon was detected in | ↓
This value has to be compared to the best performance achievable with a classical device, which is 67.5 % [27] at the input photon number ofn = 0.09 and the achieved efficiency of 39 %. The measured average state fidelity by far exceeds this limit, thereby proving the quantum nature of the device.
The role of atom and photon in our scheme can be interchanged, which facilitates the transfer of a given atomic state onto the polarization of a photon. Because the atomic state detection is deterministic, the efficiency of this process is the product of the probability to have a single photon impinging onto the cavity and the reflectivity of the atom-cavity system. With a deterministic single-photon source, our system would therefore achieve 69 % efficiency. However, in the experiment, we instead employ weak laser pulses (n = 0.08).
The protocol is depicted as a circuit diagram in Fig. 3a . The photonic state is prepared in | ↓ p x ⟩ and then reflected from the cavity. With the atom initially in the potentially unknown state |ϕ a ⟩ = α| ↓ a ⟩ + β| ↑ a ⟩, the reflection process results in
Subsequent detection of the atomic state therefore projects the photon onto |ϕ p ⟩ for a measurement result of | ↓ a x ⟩, and onto R ⟩, which occurs in 50 % of the cases where a photon has been reflected, completes the state transfer in our experiment. The result is shown in Fig. 3b in a Poincaré-sphere representation analogous to Fig. 2 . We find an average state fidelity of F |↓ a x ⟩ = (88 ± 1) %. When the atom is detected in | ↑ a x ⟩, the photon ends up in a rotated state, as shown in Fig. 3c . The average state fidelity with the expected rotated state R π x |ϕ p ⟩ is F |↑ a x ⟩ = (85 ± 1) %. Feedback onto the photonic polarization would again render the scheme deterministic. However, in the setting of a quantum network with heralded storage, direct rotation of the photonic polarization is not required to achieve a state transfer between remote atoms. Instead, it is fully sufficient to apply the conditional rotation only to the state which is stored in the memory node.
Several imperfections limit the fidelity of photon-toatom and atom-to-photon state transfer in our experiment. The transverse mode of the incoming pulse has an overlap of (92 ± 3) % with the cavity mode, reducing the average fidelity by 5.5 %. In the case of photon storage, further reduction arises from imperfect atomic state preparation (2.3 %), dark counts (1.2 %), finite quality of the polarization optics in the photonic state detection setup (0.7 %), two-photon events (1.2 %), and cavity birefringence (1 %). In total, these effects account for a fidelity reduction of 12 %. In the case of atom-to-photon state mapping, the same effects lead to an expected reduction of the average state fidelity of 11 % and 14 % for detection of the atom in | ↓ [21] . By comparing the expected to the measured fidelities, we conclude that the mentioned effects include all dominant sources of error. None of the current imperfections is fundamental.
We emphasize that the presented storage scheme is largely insensitive to fluctuations of atom-cavity parameters, in particular to the atomic resonance frequency [28] and the atom-cavity coupling strength [23] . This relaxes the constraints on the trapping and cooling of the single atoms, and potentially also on the indistinguishability of solid-state optical emitters, making our scheme promising for quantum state transfer and entanglement distribution between remote nodes in large-scale quantum networks. Even more important, the storage mechanism is robust with respect to the exact arrival time and fluctuations of the wave-packet envelope of the photon to be stored, as long as the photonic bandwidth is small compared to the cavity linewidth [23, 28] . This is in stark contrast to all previous approaches, especially state-transfer based on coherent photon absorption [5, 27] and teleportation employing an optical BSM [11] [12] [13] [14] [15] .
This robustness of our scheme is particularly important for applications in long-distance quantum networks where dispersion distorts the photonic wave packet and different path lengths, e.g. caused by changes in the ambient temperature that alter the length or refractive index of both fiber-and free-space channels, will lead to fluctuating photon arrival times. Paired with its versatil- ity and unprecedented efficiency, our scheme thus brings the realization of global quantum networks using quantum repeaters [2] one step closer. Toward this end, the concept of quantum feedback, as introduced here to optical atom-cavity systems, could be combined with the transfer of quantum states and the entanglement of remote atoms. This could be implemented via the following two-step protocol: First, atom-to-photon state transfer or the generation of atom-photon entanglement is achieved, either via photon generation [5, 26] or using the scheme demonstrated here. Second, the heralded photon-to-atom state transfer at a remote network node will signal success of both protocol steps. The high rate of heralded remote entanglement which is achievable with this protocol will enable device-independent quantum key distribution [29] and loophole-free tests of quantum nonlocality [30] .
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In the following, the robustness of the presented storage mechanism with respect to fluctuating system parameters is demonstrated. We first investigate the influence of the bandwidth of the impinging photon. To this end, the atom is prepared in the coupled state | ↑ a ⟩, and faint laser pulses in the state | ↓ p x ⟩ are reflected from the cavity. Their polarization is analyzed in the input (x-) basis. When the gate and thus the heralded storage mechanism works as intended, one expects to observe a polarization flip with unit probability. Figure S1a shows the experimental results as a function of the full-width at half-maximum (FWHM) of the Gaussian temporal envelope of the impinging laser pulses. For pulses longer than about 0.5 µs, the probability is constant, which demonstrates that the storage mechanism is insensitive to the duration of the photon wave packet as long as this exceeds the cavity-field lifetime. The solid line is obtained using a theoretical model for the gate mechanism [S1] and calculating the expectation value of the phaseshift for a given FWHM of the photonic envelope. The only free parameter of this curve is the maximally possible flip probability, which is found to be 83 %.
More insight into the mechanism that determines the shape of this curve can be gained from Fig. S1b . Here, the phase shift for the coupled states (atom in | ↑ a ⟩, photon in | ↑ p ⟩) is depicted as a function of the frequency of the impinging photons. There is excellent agreement between the data (black squares) and the red solid line that has been calculated using input-output theory [S2, S3] and a steady-state Heisenberg-Langevin treatment [S1, S4] with the cavity offset frequency as the only free parameter. While the phase shift is π exactly on resonance, it changes considerably over a detuning range of 0.1g corresponding to about one MHz in our experiment. This range is determined by the cavity linewidth κ as long as g ≫ κ [S1]. Around zero detuning, the phase difference between the coupled and uncoupled-atom case can be approximated by a linear increase in the frequency domain, which corresponds to a constant shift of the photonic wave packet in the time domain. The gate mechanism starts to fail when this shift approaches the photon S1 . Robustness of the storage process with respect to relevant experimental parameters. (a) Bandwidth of the atomphoton interaction mechanism. Probability for observing an orthogonal linear polarization after reflection of photons with different width of the Gaussian temporal envelope. The mechanism works as intended when the polarization is flipped, i.e. for a photon duration above 0.5 µs. The red theory curve has the maximal success probability of the gate operation as the only free parameter. (b) Phase shift between left-and rightcircular polarization with the atom in the coupled state | ↑ a ⟩. The detuning ∆ = ωp − ω0 of the photon frequency ωp from the resonance frequency ω0 is given in units of the atom-cavity coupling strength g. The red solid line is the theoretical expectation deduced from an input-output treatment with atom (resonance frequency ωa) and cavity (resonance frequency ωc) on resonance (∆a = ωa −ω0 = 0, ∆c = ωc −ω0 = 0). The theoretical curve for an atom (cavity) detuning of g/4 is shown as a green (blue) solid line. length, i.e. for shorter input pulses.
The storage mechanism is also only weakly dependent on the atom-cavity coupling strength g and the atomcavity detuning [S4] . The latter can be seen from the green theory curve in Fig. S1b , which was calculated for an atom detuned by a quarter of the atom-cavity coupling strength (∆ a = g/4, ∆ c = 0). The result hardly deviates from the curve on resonance (red). In contrast, shifting the cavity by the same amount (∆ c = g/4, ∆ a = 0) has more dramatic consequences (blue solid line). Consequently, the relative detuning between photon and cavity has to be kept well below the cavity field decay rate κ, something which is easily achievable with state-of-the-art cavity locking techniques.
